Cancer patients may be at decreased risk of Alzheimer's disease. This hypothesis is best developed for non-melanoma skin cancer (NMSC), but supportive epidemiological data are sparse. We therefore conducted a nationwide cohort study of the association between NMSC and Alzheimer's disease (main outcome) and all-cause dementia. Using Danish medical databases, we identified adults diagnosed with NMSC between 1 January 1980 and 30 November 2013 (n = 216,221) and a comparison cohort of five individuals matched to each NMSC patient by sex and birth year (n = 1,081,097). We followed individuals from the time of diagnosis, or corresponding date for matched comparators, until a dementia diagnosis, death, emigration, or 30 November 2013, whichever came first. We used stratified Cox regression adjusted for comorbidities to compute hazard ratios (HRs) associating NMSC with dementia. We computed cumulative risks of dementia, treating death as a competing risk. NMSC was associated with a HR of 0.95 (95% confidence interval [CI]: 0.92-0.98) for Alzheimer's disease and 0.92 (95% CI: 0.90-0.94) for all-cause dementia. HRs were similar for basal cell and squamous cell carcinoma, the two most common forms of NMSC. Estimates of risk reduction were more pronounced in the beginning of follow-up, reaching null after 5-10 years. At the end of follow-up (34 years), cumulative risk of Alzheimer's disease was 4.6% (95% CI: 4.4%-4.8%) among patients with NMSC vs. 4.7% (95% CI: 4.6%-4.9%) in the comparison cohort. In conclusion, NMSC was associated with 2%-10% reductions in relative risks of Alzheimer's disease and all-cause dementia. However, these small inverse associations may have been caused by ascertainment bias due to decreased awareness of NMSC tumors in persons with undiagnosed early cognitive impairment or by confounding from a more neuroprotective lifestyle among persons with NMSC.
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Introduction
Persons with cancer may be at decreased risk of Alzheimer's disease and other dementias [1, 2] . Much of this inverse association may be explained by non-melanoma skin cancer (NMSC) [3] [4] [5] -the most frequent type of cancer in Western populations [6] .
A number of plausible biological factors link cancer to a decline in incident dementia. For example, decreased activity of tumor suppressor proteins and overexpression of Pin1 (peptidyl-prolyl cis-trans isomerase, NIMA-interacting 1) are associated both with cancer and with a lower risk of Alzheimer's disease [2, 7] . Furthermore, the major risk factor for NMSC, ultraviolet radiation exposure [8] , boosts vitamin D levels, which may protect against dementia [8] .
Epidemiological studies on the association between NMSC and dementia are sparse. In a cohort study conducted among participants in the Einstein Aging Study in New York, the hazard ratio (HR) of all-cause dementia among individuals with self-reported NMSC was reduced by over one-third compared with participants without this cancer, with even larger reductions for Alzheimer's disease [3] . Although this study was limited to volunteers aged 70 years or older followed for a median of three years, others have reported similar results [5] . Findings may reflect shared biological mechanisms in both NMSC and Alzheimer's disease that operate in opposite directions, but bias or unrecognized confounding should also be considered for these associations.
To provide more accurate estimates of dementia risk within a general population cohort with long-term follow-up, we conducted a large matched cohort study of the association between NMSC and risk of Alzheimer's disease (primary outcome) and all-cause dementia.
Materials and methods

Settings and data sources
We conducted this study in Denmark, which has a population of 5.6 million persons. The Danish government provides tax-supported universal health care [9] . Administrative and medical data for all residents are recorded in nationwide databases. Individual-level linkage of the databases is possible using a unique personal identifier assigned to all residents by the Danish Civil Registration System since 1968 [9] . This registry also records daily changes in vital status and migration for the entire population.
The Danish National Patient Registry (DNPR) and the Danish Psychiatric Central Research Register (PCRR) are population-based hospital registries, which were linked in 1995 [10] . Together they provide nationwide coverage of all inpatient psychiatric contacts since 1970, all inpatient non-psychiatric contacts since 1978, and all hospital outpatient specialty clinic visits and emergency department visits since 1995 [10] . For each inpatient and outpatient hospital contact, patient identifiers, dates of admission and discharge or start and end of outpatient follow-up, diagnoses, and treatments are recorded [10] . At the time of discharge or hospital contact, the treating physician is responsible for coding a primary diagnosis (the main reason for the hospital contact) and, when relevant, one or more secondary diagnoses, using the International Classification of Diseases, Eighth Revision (ICD-8) until the end of 1993 and the Tenth Revision (ICD-10) thereafter. General practitioners and private practice specialists do not submit data to the hospital registries.
The Danish Cancer Registry (DCR) records data on all incident cancers, including diagnoses made at departments of pathology and forensic medicine [11] . Reporting to the DCR began on a manual basis in 1943, supplemented with data from the Registry of Causes of Deaths (1943-) and the DNPR (1987-) [11] . Since a modernization process was initiated in 2004, the DCR has combined data reported electronically to the DNPR, the National Pathology Register, and the Registry of Causes of Death, and directly from general practitioners, private practice specialists, and private hospitals. For the current study period, data were coded according to ICD-10 and the third version of ICD for Oncology (ICD-O-3).
Study population
From a source population of 6.9 million persons, we identified all adults aged 18 years or older with a first-time NMSC recorded in the DCR between 1 January 1980 and 30 November 2013. Our definition of NMSC included basal cell carcinoma, squamous cell carcinoma, and other rare subtypes. Persons diagnosed with both basal cell and squamous cell carcinomas on the same date were categorized in the latter group. We did not include patients with a previous diagnosis of dementia or of mild cognitive impairment or an amnestic syndrome (which may represent early symptoms of an underlying dementing disorder) in the DNPR or PCRR.
We used the Civil Registration System to randomly select a comparison cohort of up to five individuals matched (with replacement) to each NMSC patient by sex and birth year. Persons in the matched cohort were alive and without a previous diagnosis of NMSC, dementia, mild cognitive impairment, or amnestic syndrome on the index date (defined as the diagnosis date in the DCR for the matched NMSC patient).
Registry codes used in this study are provided in S1 Table. Dementia
We used the DNPR and the PCRR to identify all inpatient and hospital outpatient clinic diagnoses of dementia among study participants following the index date. The hospital admission date or start date of outpatient clinic follow-up was considered the date of dementia diagnosis.
We subcategorized codes for all-cause dementia Alzheimer's disease, vascular dementia, or other dementia (S1 Table) . Our hypothesis was that NMSC would be associated with a reduced risk of Alzheimer's disease.
Comorbidity
We identified participants' history of hospital inpatient and outpatient diagnoses in the DNPR before or on the index date. We included diagnoses of cardiovascular diseases, including hypertension, ischemic heart disease (angina pectoris, myocardial infarction, or percutaneous coronary intervention), congestive heart failure, and peripheral artery disease. As proxies of cardiovascular risk factors (e.g., obesity and smoking), we also identified diagnoses of hospitalbased obesity, diabetes, and chronic obstructive pulmonary disease. Similarly, we included hospital contacts related to excessive alcohol use, since alcohol consumption is associated with risk of cutaneous cancer [12] and perhaps dementia [13] . We also identified any history of cancer and multiple sclerosis, as they may be associated with both dementia [2, 14] and NMSC [15, 16] . Finally, we retrieved diagnoses of rare risk factors for NMSC, including solid organ transplantation, human immunodeficiency virus infection, xeroderma pigmentosum, nevoid basal cell carcinoma syndrome, and albinism. The hospital discharge date or end of outpatient follow-up was considered the diagnosis date for all comorbidities.
Statistical analysis
We followed participants from the index date until a diagnosis of dementia, death, emigration, or 30 November 2013, whichever came first. Comparison cohort members who were diagnosed with NMSC during follow-up (4.3% of the matched cohort) were censored and included in the NMSC cohort on the date of diagnosis.
We computed rates of dementia and used Cox proportional hazard regression stratified by matching factors to compute unadjusted HRs and 95% confidence intervals (CIs) of all-cause dementia and dementia subtypes in the NMSC cohort compared with the matched cohort. We then also adjusted for the individual cardiovascular diseases, risk factors for cardiovascular diseases, alcohol-related diagnoses, cancer, and multiple sclerosis. Considering death as a competing risk, we plotted the cumulative risk of dementia for each cohort and expressed the risk at pre-specified time periods (one year, five years, ten years, and the overall follow-up period). We analyzed the association with dementia for NMSC overall (our primary predictor) and for basal cell and squamous cell carcinoma separately.
We performed several predefined subgroup analyses. First, we examined whether associations varied by age at NMSC diagnosis (18-49, 50-59, 60-74, 75-84, !85 years) or sex. Second, because data quality may have been affected by registry changes, such as inclusion of outpatient and emergency departments in the DNPR and modernization of the DCR, we stratified results by relevant calendar periods for index date (1980-1994, 1995-2003, 2004-2013) . Finally, we examined whether associations depended on the presence or absence of dementia risk factors, including any cardiovascular diseases or risk factors, alcohol-related diagnoses, and other cancers. Because matching could not be retained when stratifying by comorbidities, we used conventional Cox regression with additional adjustment for age, sex, and calendar period of the index date.
We examined the robustness of our results in several sensitivity analyses. First, we repeated analyses after excluding persons with a previous diagnosis of cancer and the aforementioned rare risk factors of NMSC. Second, we redefined Alzheimer's disease by including unspecified diagnoses of dementia, as about a third of such diagnoses are known to fulfill criteria for Alzheimer's disease [17] . This sensitivity analysis would increase the completeness of ascertainment of Alzheimer's disease, but at the cost of a decreased positive predictive value (PPV). Third, to increase the comparability of our study with the Einstein Aging Study [4] , we adjusted for alcohol-related and cardiovascular comorbidity as time-varying covariates, rather than relying only on baseline information.
We tested the assumption of proportional hazards using plots of the log(-log(survival)) vs. log of survival time, which revealed disproportionality between cohorts, mainly during the initial follow-up period. In a post hoc analysis, we therefore stratified the results by follow-up time (0-1 year, >1-5 years, >5-10 years, >10-34 years).
All analyses were performed using SAS 9.2 1 (SAS Institute Inc., Cary, NC, U.S.A.).
Ethics
The study was approved by the Danish Data Protection Agency (2014-54-0922). Danish legislation does not require ethical review board approval or informed consent from subjects in registry-based studies.
Results
We identified 216,221 patients with NMSC (84.3% basal cell carcinoma, 11.9% squamous cell carcinoma, and 3.8% other types) and 1,081,097 matched individuals. The median age was 68 years (interquartile range: 58-78 years) and 51% were women ( Table 1) . The majority of patients were diagnosed in the most recent calendar period. A history of other cancers was more frequent among NMSC patients than in the comparison cohort. Examination of patient characteristics according to NMSC subtype revealed that the baseline prevalence of other comorbidities was slightly higher among patients with squamous cell carcinoma and slightly lower among patients with basal cell carcinoma when compared to their respective comparison cohorts (S2 Table) . We followed NMSC and comparison cohorts for a median of 5.8 and 5.6 years, respectively (Table 1) . Patients with squamous cell carcinoma had a shorter median follow-up than their comparators (4.3 vs. 4.7 years), whereas the opposite was observed for basal cell carcinoma patients and their comparison cohort (6.1 vs. 5.8 years).
In total, 4,179 persons in the NMSC cohort and 20,975 persons in the matched comparison cohort were diagnosed with incident Alzheimer's disease. NMSC was associated with an adjusted HR of 0.95 (95% CI: 0.92-0.98) for Alzheimer's disease and 0.92 (95% CI: 0.90-0.94) for all-cause dementia, without variation by subtype of skin cancer (Table 2 ). In analyses examining the association according to time periods since NMSC diagnosis, we found that estimates were most pronounced in the beginning of follow-up, reaching null after 5-10 years (Table 3) . HRs for the secondary outcomes of vascular dementia and other non-Alzheimer's dementias were 0.87 (95% CI: 0.82-0.92) and 0.92 (95% CI: 0.89-0.95), respectively (S3 Table) . The cumulative risks of Alzheimer's disease and all-cause dementia in the study cohorts are shown in Figs 1 and 2 . There was no overall difference in the risk of Alzheimer's disease in the NMSC (4.6%, 95% CI: 4.4%-4.8%) and comparison cohorts (4.7%, 95% CI: 4.6%-4.9%) at the Abbreviations: NMSC = non-melanoma skin cancer * Adjusted for alcohol-related diagnoses, hospital-diagnosed obesity, hypertension, ischemic heart disease (angina pectoris, myocardial infarction, and percutaneous coronary intervention), congestive heart failure, peripheral artery disease, chronic pulmonary disease, diabetes, cancer, and multiple sclerosis. Computed using stratified Cox proportional hazard regression adjusted by study design for age, sex, and calendar period of the skin cancer diagnosis/index date. end of follow-up (34 years). This finding was consistent with the cumulative risks observed in the basal cell carcinoma cohort (4.7%, 95% CI: 4.5%-5.0%) and its comparison cohort (4.8%, 95% CI: 4.7%-5.0%). However, persons with squamous cell carcinoma (3.8%, 95% CI: 3.4%-4.2%) had a lower risk of Alzheimer's disease than persons in their comparison cohort (4.5%, 95% CI: 4.3%-4.7%).
We observed no major differences in associations between NMSC and Alzheimer's disease (Table 4) or all-cause dementia (S4 Table) in subgroups defined by age, sex, calendar period of NMSC diagnosis, and comorbidities. The HRs also remained virtually unchanged after excluding persons with NMSC risk factors (S5 Table) and after using time-dependent rather than baseline adjustment for covariates (S6 Table) . Classification of unspecified dementia as Alzheimer's disease resulted in more than twice as many events in the cohorts without a substantial effect on the HRs (S7 Table) . 
Discussion
Using registry data collected over a period of more than 40 years, we found that NMSC was associated with small reductions in relative risks of Alzheimer's disease (5%) and all-cause dementia (8%), compared to individuals without NMSC. The findings were explained by decreased HRs within the first five years after diagnosis or corresponding data among matched comparators. The absolute risk difference of Alzheimer's disease was below 1% after ten years of follow-up.
The reductions observed in our study are considerably smaller than previously reported. In the Einstein Aging Study, which included 1,102 older adults, NMSC was associated with substantial decreases in risk of all-cause dementia (HR 0.64, 95% CI: 0.32-1.23), driven primarily by the results for Alzheimer's disease (HR 0.20, 95% CI: 0.05-0.81) [3] . However, the number of observed outcomes was modest (126 persons developed all-cause dementia and 76 developed Alzheimer's disease), and analyses were based on a mix of prevalent (77%) cases and incident (23%) cases of self-reported of NMSC. Among volunteers in the Alzheimer's Disease Neuroimaging Initiative, a self-reported or informant-reported history of prior NMSC was a third less common at baseline among Alzheimer's cases than participants without dementia [5] . Participants without baseline dementia were more likely to develop Alzheimer's disease when there was no reported history of NMSC [5] .
One inference from the previously reported inverse associations between NMSC and dementia or Alzheimer's disease is that these conditions share genetic or biological mechanisms that work in opposite directions. Findings may be similar for other forms of cancer as well [1, 2] . Indeed, cancer and the neurodegenerative dementias have been conceptualized as involving polar processes leading towards unbridled proliferation at one extreme and apoptosis at the other [2] . One would not necessarily predict common mechanisms in vascular dementia, however [18] , where we also observed reduced risk after NMSC. Possible bias and confounding should thus also be considered [2] . It is possible that physicians are less likely to pursue a dementia diagnosis in patients battling or recovering from cancer, or conversely, that Abbreviations: CI = confidence interval; HR = hazard ratio; NMSC = non-melanoma skin cancer * Computed using stratified Cox proportional hazard regression adjusted by study design for age, sex, and calendar period of skin cancer diagnosis/index date. In analyses stratified by comorbidities, conventional Cox regression was used with additional adjustment for matching factors. † Adjusted additionally for alcohol-related diagnoses, hospital-diagnosed obesity, hypertension, ischemic heart disease (angina pectoris, myocardial infarction, and percutaneous coronary intervention), congestive heart failure, peripheral artery disease, chronic pulmonary disease, diabetes, other cancer, and multiple sclerosis.
doi:10.1371/journal.pone.0171527.t004
NMSC remains undetected in a person with early cognitive impairment (i.e., ascertainment bias) [2] . Our findings of more pronounced estimates in the beginning of follow-up provide support for the latter. Furthermore, cancer patients may not survive long enough to develop dementia [2] . Although survivor bias is less problematic for NMSC than for more aggressive forms of cancer, squamous cell carcinoma is linked to increased mortality, attributed to respiratory, cardiovascular, and infectious diseases [19] . Indeed, compared with the general population comparison cohorts, median survival in our study was shorter in the squamous cell cancer cohort, but not the basal cell carcinoma cohort. The more apparent reductions in cumulative risk of dementia (compared with HRs) associated with squamous cell carcinoma but not basal cell carcinoma may reflect this slight disadvantage in survival, as such effects are evident in competing risk analyses but not Cox proportional hazard regression models.
In our study, we used population-based registries to identify an inception cohort of NMSC patients diagnosed in a universal healthcare system. This approach limits potential problems with selection bias, sample size, and generalizability. In particular, the exclusion of prevalent cases reduced the likelihood of survivor bias, which can imply spurious protective effects [20] . Furthermore, our study had a longer follow-up period than previous studies, with more accurate dates of diagnosis and censoring events [9, 10] . We were also able to stratify analyses according to subtypes of NMSC. Such analyses are important for elucidation of potential underlying biological mechanisms, which differ for basal cell and squamous cell carcinoma [6, 21] . We found no major differences in HRs, which suggest that, if valid, mechanisms driving the observed associations are common to both types.
Our study also has several limitations. Based on the number of NMSCs reported by other Danish data sources, it has been estimated that roughly 20%-55% of these cancers are not included in the DCR [22] [23] [24] . However, this estimated level of non-inclusion may be too high, because many patients have recurrent NMSC cancers and the DCR records skin cancers with the same morphology only once for each patient [25] . To introduce selection bias in our study, the association between skin cancer and dementia would additionally have to differ among unreported and reported cases, which we consider implausible. Furthermore, our results did not vary by calendar period despite the expected improvement in data quality following modernization of the DCR in 2004.
The validity of diagnoses of all-cause dementia and Alzheimer's disease in Danish registries is high, except for uncommon and early-onset variants [17, 26] . For example, one study reported PPVs of 81% for Alzheimer's disease and 86% for all-cause dementia when information from medical records was compared with patient interviews (available for 25% of the patient sample) using ICD-10 and/or Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV diagnosis criteria [17] . As history of NMSC would be unlikely to lower the chance of having Alzheimer's disease coded and because our results were similar for Alzheimer's disease and other dementia diagnoses, which are known to have lower PPVs [17] , we do not believe that misclassification had substantial impact on our results. Incomplete reporting of potentially milder cases from primary healthcare providers and private practice specialists (estimated one-third of dementia diagnoses [27] ) may affect the generalizability of our results, but only if the association between NMSC and dementia or Alzheimer's disease depends on dementia severity.
Although adjustment for various comorbidities did not affect our results, residual confounding from lifestyle factors linked to cognitive decline may explain the slight risk reductions observed. For example, physical activity is associated with lower risks of dementia and Alzheimer's disease [13] but is also associated with ultraviolet radiation exposure-and hence NMSC-if activities are performed outdoors [6] . Furthermore, basal cell carcinoma, and possibly squamous cell carcinoma, is diagnosed more frequently in people with higher socioeconomic status [28, 29] , who are typically better educated and have healthier lifestyles [30] . We also lacked data on genetic susceptibility to dementia. However, adjustment for the number of apolipoprotein E ε4 alleles did not materially affect previously reported associations [3] .
Conclusions
This large nationwide study suggests modest inverse associations between NMSC and Alzheimer's disease and all-cause dementia. If these conditions share common biological mechanisms, further research of NMSC patients could provide clues into novel neuroprotective mechanisms of Alzheimer's disease. However, the observed small effect sizes, evidence for ascertainment bias, and the possibility of residual confounding from lifestyle factors associated with both Alzheimer's risk and NMSC suggest the alternative interpretation that NMSC is unrelated to either Alzheimer's disease or all-cause dementia. 
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